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Abstract
We address the issue of the scaling behavior of the nucleon electromagnetic form factors (FFs). We propose a consistent Lagrangian
of the electromagnetic N∆(1232)-interaction possessing all the internal symmetries of the spin- 32 baryon resonance, point and gauge
invariance. The point and gauge invariant FFs may exhibit quasi-scaling behavior—while the FFs do not reach asymptotic scaling
domain, the ratios thereof do. The hypothesis of the quasi-scaling is in good agreement with the experimental data available at
Q2 > 0.4 GeV2.
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1. Introduction
The high-Q2 scaling laws are believed to be firm and well
understood predictions of perturbative QCD (pQCD) in the
physics of the nucleon form factors (FFs) [1, 2, 3, 4, 5]. At
the experimentally accessible energies, however, the asymptotic
scaling behavior of the FFs seems not to be apparent. For in-
stance, the measurements of the electromagnetic ratio REM(Q2)
of the ∆(1232) resonance [6, 7, 8, 9, 10, 11, 12, 13, 14] indicate
that it remains to be small and negative up to the momentum
transfer Q2 = 7 GeV2, which disagrees sharply with the pQCD
scaling REM(Q2 → +∞) = +1 [16, 17]. It is possible that the
transition to the scaling may not occur up to extremely large
momentum transfers Q2 ≫ 20 GeV2 [18, 19]. On the other
hand, it is a well established experimental fact that the ratio of
the elastic nucleon FFs does exhibit the QCD scaling behavior
at Q2 > 0.5 GeV2, while the Dirac and Pauli FFs in themselves
do not [20, 21]. In what follows such Q2-evolution—the scal-
ing behavior of the ratios of the FFs, providing that the FFs do
not reach asymptotic scaling regime—is referred to as a quasi-
scaling behavior of the FFs.
The basic question considered in this Letter is whether the
quasi-scaling behavior is a universal feature of the nucleon elec-
tromagnetic FFs or a peculiarity that is specific to the elas-
tic FFs. If the former option is correct, it will provide an
important meeting ground between pQCD and experimental
physics. By phenomenological analysis we find that the hypoth-
esis of the quasi-scaling does not contradict the experimental
data available in the first and second resonance regions. In this
short Letter we confine ourselves to the case of the nucleon-
to-∆(1232) transition FFs, since these quantities are the most
extensively measured nucleon FFs, except for the elastic ones.
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The quasi-scaling fits to the data on the pN∗(1440), pN∗(1520),
and pN∗(1535) transitions will be given in a separate paper.
To investigate the Q2-evolution of the N∆(1232) FFs, we
treat the resonance ∆(1232) as an effective Rarita-Schwinger
(RS) field Ψµ [22] (Hereafter we omit the spinor indices.) How-
ever, effective field theory of the nucleon electromagnetic FFs
involves a problem to be resolved, before the rate of the transi-
tion to pQCD behavior of the FFs can be assessed. The problem
is to specify the effective baryon-meson vertex for the radia-
tive N∆(1232)-transition. This is of crucial importance, since
the vertex determines relations between experimentally mea-
surable helicity amplitudes A (Q2), A = A3/2, A1/2, S 1/2—
counterparts of the elastic Sachs FFs—and a set of the transition
FFs F f (Q2), f = 1, 2, 3 that are free of kinematic factors,
A (Q2) = A [Q2, F1(Q2), F2(Q2), F3(Q2)]. (1)
The relations (1) comprise two types of Q2-dependent func-
tions. The functions of the first type are the transition FFs
F f (Q2) to be evaluated in QCD or phenomenological ap-
proaches. The second type is kinematic factors that are speci-
fied by defining the effective vertex of the N∆-interactions with
photons and vector mesons. Thus, the physical meaning of the
FFs can depend upon the definition of the vertex, since differ-
ent relations (1), if resolved in respect to F f (Q2), may result in
different regimes of the Q2-evolution of the FFs.
It is important to note the following property of the relations
between the elastic Sachs helicity FFs GM,E(Q2) and the Dirac
and Pauli FFs FD, P(Q2) [23, 24]. At asymptotically high Q2 the
magnetic FF scales like the Dirac one, GM(Q2) ∼ FD(Q2), and
the electric FF scales like the Pauli one, GE(Q2) ∼ Q2FP(Q2)
[20]. It is the property that gives the FFs FD,P(Q2) distinct in-
terpretations in terms of the underlying quark dynamics—the
Dirac FF is the FF of the processes conserving quark helici-
ties, while the Pauli FF is the FF for the processes with quark-
helicity flips. This property is a precondition to the fact that
correct high-Q2 behavior of the Sachs FFs is achieved by sim-
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ple power-law asymptotic evolution of the Dirac and Pauli FFs.
This, in turn, enables us to formulate the simple scaling relation
for the ratio of the Dirac and Pauli FFs.
To analyze the applicability of the quasi-scaling to the data
on the N∆(1232)-transition, we need the decomposition of the
effective N∆-vertex that fulfills the same requirements as in the
elastic case. The decomposition should result in such relations
(1) that allow the FFs F f (Q2) to get interpretation in terms of
the underlying quark dynamics. More precisely, at high Q2
the asymptotic behaviors of the helicity amplitudes A1/2(Q2),
A3/2(Q2), S 1/2(Q) should be governed by different FFs. In this
way, the FFs F f (Q2) acquire the asymptotic statuses of the cor-
responding amplitudes—the FF of the processes without quark-
helicity flips, with one helicity flip, and with flips of two quark
helicities. Besides, this guarantees that the high-Q2 behavior of
the amplitudes predicted by pQCD [16, 17, 25] is achieved by
simple power-law evolution of the FFs,
F f (Q2) ∼ 1Q2p f ℓn f , ℓ = ln
Q2
Λ2
(2)
for some particular values of the exponents n f and p f .
The effective N∆-vertex, however, is not as easy to define
as in the elastic case. So far, several attempts have been made
to fix the vertex. The first and most popular one [26, 27] is
based upon the considerations of simplicity. It results, how-
ever, into a number of mathematical pathologies, i.e., such in-
teractions invoke unphysical lower-spin states of the RS field,
if it is off its mass shell [28, 29, 30]. Fortunately, this and other
inconsistencies can be remedied in an elegant way, if we re-
quire the invariance of the vertex under gauge transformations
of the RS field [30, 31]. Thus any consistent decomposition
should be gauge invariant. However, the most general GI de-
composition [31] allows for many possible structures. In this
sense, although applying strict constraints on the form of the
vertex as it is, the requirement of the gauge invariance still
leaves much unphysical redundancy in the general decomposi-
tion of the N∆(1232)-vertex. This brings up the question, Can
we impose on the gauge invariant N∆(1232)-vertex such addi-
tional symmetry conditions that will postulate it uniquely, give
us a set of the FFs satisfying the requirements in the domain
of high-Q2, and do not contradict the experimental data? We
should also note that there is an example of such a theory—
the elastic γ∗NN-vertex [23, 24] is determined uniquely by the
electromagnetic gauge symmetry1.
In this Letter we propose the effective vertex of the elec-
tromagnetic N∆(1232)-interactions possessing all the internal
symmetries of the free RS field. We find that these symmetries
allow us to constrain the tensor-spinor structure of the vertex
and to provide a new set of the transition FFs which is defined
unambiguously by the requirements of the symmetry and local-
ity. After the problem of constructing the Lagrangian is solved,
the hypothesis of the quasi-scaling can be assessed. We ob-
serve that the transition FFs introduced here may exhibit the
1The first Dirac term comes from the covariant derivative in the kinetic term
of the nucleon Lagrangian and the second Pauli term is the only gauge invariant
expression involving just one field derivative.
quasi-scaling behavior. This hypothesis is in good agreement
(χ2/DOF = 1.03) with the existing data down to as low as
Q2 ≈ 0.4 GeV2.
All possible decompositions of the N∆(1232)-vertex are
equivalent on the mass shell of resonance up to a linear redef-
inition of the FFs F f (Q2). It can be expected that the quasi-
scaling is present in all the models. Thus, it is interesting to
compare the quasi-scaling in the model developed here and in
the popular ones discussed in the literature [26, 32]. We find
that the hypothesis of the quasi-scaling of the FFs ratios in the
non–gauge-invariant model [26, 33] is in much poorer agree-
ment with the data. In the same time, the gauge invariant FFs
of Ref. [32] can not exhibit the quasi-scaling, only some linear
combinations thereof could.
The remainder of this Letter is organized as follows. In Sec-
tions 2 and 3 we develop a phenomenological vertex for the
electromagnetic N∆(1232)-interactions. The Section 4 reviews
the vector-meson–dominance model of Ref. [33]. In Section 5
we contrast our model with the experimental data on the Q2-
dependence of the N∆(1232)-transition and test the hypothesis
of the quasi-scaling behavior of the transition FFs. In Section 6
the quasi-scaling behavior of two popular FF sets is discussed.
Finally, Section 7 is a summary of our main results and conclu-
sions.
2. Internal symmetries of the ∆(1232)
Comprising redundant degrees of freedom (DsOF) as it is,
the RS field possesses peculiar internal symmetries [22, 34].
The symmetries are inextricably linked to the constraints that
are imposed on the reducible RS field in order to eliminate spu-
rious DsOF [31]. The free-field constraints can be written in
a manifestly covariant form as ∂µΨµ = 0 = γµΨµ [22]. Such
simple structure of constraints is generated by a one-parameter
equivalent class of the free-field Lagrangians [35, 34]
Lff(λ) = ¯Ψµ
(
iΓµνλ∂λ − MΓµν
)
Ψ
ν
+ H.c.,
Γµνλ = gµνγλ − λ∗γµgνλ − λγνgµλ +
(
3
2
|λ|2 − Re λ + 1
2
)
γµγλγν,
Γµν = gµν −
(
3|λ|2 − 3 Reλ + 1
)
γµγν, (3)
where λ , 12 is a complex parameter.
The equivalent class (3) of the free-field Lagrangians (not a
Lagrangian for any λ 2) is invariant under the point transforma-
tions of the RS field, Ψ′µ = Θ
(λ,λ′)
µν Ψ
ν
, Θ
(λ,λ′)
µν = gµν + λ
′−λ
2(2λ−1)γµγν
[34]. The point transformations form a nonunitary symmetry
group and shift the value of the Lagrangian parameter from λ
to λ′. Besides, in the massless case, the Lagrangian is invariant
under the local gauge transformations, Ψ′µ = Ψµ + Θ
(λ,1)
µν ∂
νθ(x)
2To avoid confusion, it should be stressed that throughout this Letter the
point invariance is taken to mean an invariance under the global point transfor-
mations of the RS field without shifting the free-field parameter λ simultane-
ously so as to compensate the changes in the Lagrangian (cf. Refs. [36, 37]).
Thus, the equivalence class of the free-field Lagrangians is point invariant,
while a Lagrangian is not for any λ.
2
[22, 34]. Both the point and gauge transformations act only on
the lower-spin components of the reducible RS field. Since such
mixing the lower-spin components has nothing to do with the
physics of the baryon resonances, it is suggestive that the in-
teracting RS field should possess all the same symmetries as
the free field. However, in the presence of interactions, the
symmetries of the free RS field can be broken, which modi-
fies covariant constraints and may result in different pathologies
[28, 29, 30]. To prevent such inconsistencies is possible, if we
require the invariance of the interaction Lagrangian under the
gauge transformation of the RS field [30, 31]. The gauge invari-
ant (GI) interactions, however, modify the free-field constraints
making them nonlinear in the field operators [30]. Besides,
the general GI decomposition of the NR-Lagrangian contains
a great variety of couplings, the necessary three being chosen
at will [30, 31].
It is of interest to study a more simple and constrained case
of the interactions described by the vector-spinor currents Jµ
satisfying the conditions of p- and γ-transversality, ∂µJµ = 0 =
γµJµ. In other words, we suggest synthesizing the ideas ex-
pressed earlier by Peccei [38, 39] and Pascalutsa [30, 31]. We
consider the interaction Lagrangians that are invariant under
both the point and gauge transformations of the RS field. Such
point and gauge invariant (PGI) interactions preserve the struc-
ture of the free-field covariant constraints ∂µΨµ = 0 = γµΨµ
and, therefore, lead to the first-order Dirac-like field equations(
i ˆ∂ − M)Ψµ = Jµ. As a consequence, the PGI interactions in-
volve correct number of DsOF. Besides, they do not introduce
the off-shell parameters, nor arbitrary or fixed ones. (The prob-
lem of the off-shell freedom is reviewed in Refs. [36, 37].)
3. PGI N∆-Lagrangian. Helicity amplitudes
The general GI γ∗N∆-Lagrangian is a sum of the invariants
¯Ψ
µν,α¯
Γµνλσα¯ ¯βN ,
¯βVλσ, where Vµν, V = γ, ρ(770), ρ(1450), . . .
is a photon or vector-meson field strength; Γµνλσα¯ ¯β is a tensor
spinor coupling antisymmetric in the indices µ, ν and λ, σ; α¯
and ¯β are multi-indices, the number of the indices therein being
2 less than the differential order of the Lagrangian term. The
point invariance constrains the coupling tensor spinors by the
condition of γ-transversality, γµΓµνλσα¯ ¯β = 0. This condition
provides us with a classification of the FFs by the differential
order of the Lagrangian. The classification turns out to be nat-
urally consistent with pQCD-inspired classification in terms of
the quark-gluon subprocesses.
In the first permitted differential order there is just one term
I1 = ¯ΨµνΓµνλσNVλσ in the Lagrangian, with the tensor spinor
coupling being specified as
Γµνλσ =
1
3
[
eµνλσ + iγ5
(
gµλgνσ − gνλgµσ
)
− 1
2
(
gµλσ˜νσ − gνλσ˜µσ − gµσσ˜νλ + gνσσ˜µλ
)]
. (4)
Here σ˜µν = 12 eµνηξσ
ηξ is dual to σµν = 12 (γµγν − γνγµ). The
invariant I1 with the coupling tensor spinor (4) describes the
interactions of the baryons with opposite chiralities. Hence, at
high Q2 the corresponding FF is one of the FFs for the processes
with quark-helicity flips.
In the PGI model the tensor spinor (4) is a factor of all
the couplings permitted by the symmetry. The second dif-
ferential order introduces two independent invariants I2 =
i ¯Ψµν,ωΓµνλσγωVλσN and I′1 = i ¯ΨµνΓµνλσγωVλσNµν,ω. The lat-
ter one, however, is equal to I1 up to a nucleon mass, if the
nucleon is on-shell. Thus, the Lagrangian of the second dif-
ferential order is also defined unambiguously. The invariant
I2 relates baryon fields of the same chirality, and at high Q2
the corresponding FF describes the processes conserving quark-
helicities.
The third permitted differential order generally contains
five independent invariants describing the asymptotic processes
with quark-helicity flips. However, the four terms can be re-
duced to I1 and I2 in the fashion described above.
Finally, the simplest minimally nonlocal PGI Lagrangian of
the electromagnetic N∆(1232)-interactions can be written as
follows
L(1) =
∑
V
gV1
2M2N
¯Ψ
µν
ΓµνλσVλσN + H.c.,
L(2) =
∑
V
igV2
2M2N MR
¯Ψ
µν,ω
ΓµνλσγωVλσN + H.c.,
L(3) =
∑
V
gV3
2M2N M
2
R
¯Ψ
µν,ρ(
Γµνλρgσω − Γµνσρgλω
+ Γµνλωgσρ − Γµνσωgλρ − Γµνλσgρω
)
VλσN ,ω + H.c.,
(5)
The helicity amplitudes for the electroproduction of the
∆(1232) resonance on the mass shell calculated using the PGI
Lagrangian (5) are
A3/2 = −
√
N
[(
Q2 + µMN
)
F1 + µMRF2 −
(
Q2 + µMR
)
F3
]
, (6)
A1/2 = −
√
N
3
[
µMRF1 +
(
Q2 + µMN
)
F2 − µMN F3
]
, (7)
S 1/2 = −
√
N
6 Q+Q−
[
F1 − F2 +
Q2 + M2R + M2N
2M2R
F3
]
, (8)
where F f = F f (Q2), f = 1, 2, 3 are the point and gauge in-
variant FFs, F f (0) = gγf , µ = MR + MN , N =
παQ2−
M5N(M2R−M2N) ,
Q± =
√
Q2 + (MR ± MN)2. Other on-shell observables are ex-
pressed in terms of the helicity amplitudes (6)–(8). In particu-
lar, the magnetic FF [26] and the ratios REM and RSM of the elec-
tric and Coulomb quadrupole moments to the magnetic dipole
one are written as
G∗M = −
M
3
N(M2R − M2N)
2παµ2Q2−

1/2 (
A1/2 +
√
3A3/2
)
,
REM =
A1/2 − A3/2/
√
3
A1/2 +
√
3A3/2
, RSM =
√
2S 1/2
A1/2 +
√
3A3/2
.
It is important to emphasize that the Lagrangian (5) is the
most general one which is consistent with the considerations of
3
symmetry and locality. All other point and gauge invariant ten-
sor spinor Lagrangian kernels do not affect the kinematic Q2-
factors in the helicity amplitudes (6)–(8), while might produce
nonlocal corrections to the FFs F f (Q2)
F f (Q2) =
+∞∑
n=0
Fnf (Q2)
 Q24M2N

n
, f = 1, 2, 3. (9)
4. FFs as dispersionlike expansions
Within the vector-meson–dominance (VMD) model [33], the
FFs F f (Q2) are given by dispersionlike expansions
F f (Q2) =
K∑
k=1
m2kκk f (Q2)
m2k + Q2
=
∞∑
n=0
(−1)n
Q2n
K∑
k=1
m2nk κk f (Q2), (10)
with the poles being at the masses mk of the observed ρ-mesons
[8]. At asymptotically high Q2 pQCD predicts the scaling be-
havior of the amplitudes to be [16, 17, 25]
A3/2 ∼
1
Q5ℓn1 , A1/2 ∼
1
Q3ℓn2 , S 1/2 ∼
1
Q3ℓn3 , (11)
where ℓ = ln (Q2/Λ2) and n2 − n3 ≈ 2 [25]. From Eqs. (6)–(8)
and (11) it follows that the high-Q2 behavior of the FFs is
F1 ∼
1
Q8ℓn1 , F2 ∼
1
Q6ℓn2 , F3 ∼
1
Q8ℓn3 , (12)
and n3 > n1. This implies that the FFs F1(Q2) ∼ Q−3A3/2,
F2(Q2) ∼ Q−3A1/2, F3(Q2) ∼ Q−5S 1/2 acquire (in the asymp-
totic domain) the statuses of, respectively, the FF of the pro-
cesses involving flips of two quark helicities, the non-helicity-
flip FF, and the helicity-flip FF.
To assure correct high-Q2 behavior of the dispersionlike ex-
pansions of the FFs (10), we assume the following: (i) The Q2-
dependence of the expansion coefficients is independent of the
meson index k, κk f (Q2) = κk f (0)/L f (Q2). (ii) The interpola-
tion functions L f (Q2) are given by L f =
(
1 + b f ¯ℓ + a f ¯ℓ2
)n f /2
,
¯ℓ = ln
(
1 + Q2/Λ2
)
, which effectively takes into account the
renormalization of the strong coupling constant and the Q2-
evolution of the parton distribution functions [1, 2]. (iii) The
parameters of the meson spectrum satisfy the superconvergence
relations
∑
k m
2n
k κk f (0) = 0 for f = 1, 2, 3, n = 1, 2 andf = 1, 3, n = 3.
5. Data analysis and the quasi-scaling
The ratios of the PGI FFs F1,3/F2 extracted from the avail-
able experimental data [6, 7, 8, 9, 10, 11, 12, 13, 14] on REM
and RSM are depicted in Fig. 1. Both quantities rise steeply at
lower momentum transfers Q2 < 1 GeV2 and decrease slightly
at higher Q2. At first glance, it may seem that this peculiar be-
havior rules out the inverse-square fall-off of the ratios and, con-
sequently, the applicability of the perturbative scaling at these
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Figure 1: FF ratios extracted using Eqs. (5)–(8) from the data on the ratios REM
and RSM. The curves are the quasi-scaling fit to the data at Q2 = 0.4 − 7 GeV2.
momentum transfers. In fact, it is the behavior that corresponds
to the scaling Q2-evolution of the FF ratios
F f
F2
∝ ℓ
n2−n f
Q2 , f = 1, 3. (13)
The aforementioned peculiarities highlight the crucial impor-
tance of the logarithmic corrections to the perturbative scaling.
We assume that the FF ratios reach asymptotic scaling (13)
at Q2 > 0.4 GeV2. The results of the fit are shown in Fig. 1.
The good agreement with the data (χ2/DOF = 1.03) testifies
that the hypothesis of the quasi-scaling is adequate to describe
the Q2-evolution of the ratios REM and RSM for the N∆(1232)-
transition.
It is of interest to prove the consistency of the quasi-scaling
with the basic principles of effective field theory. An implica-
tion of these principles is dispersionlike expansions of the FFs
F f (Q2), the simplest version being given by the VMD model
(10). To fit the experimental data [6, 7, 8, 9, 40, 10, 11, 12, 13,
14, 15], we adjust the parameters of the logarithmic functions
L f (Q2) and the meson-baryon couplings κk f (0) for the meson
spectrum of the PDG review [8]. The ratios of the FFs given
by the VMD model (10) are restricted so as not to deviate from
the quasi-scaling limit by more than 0.1% at Q2 > 0.5 GeV2.
The Fig. 2 illustrates that the hypothesis of the quasi-scaling is
in satisfactory quantitative agreement with both the experimen-
tal data and the dispersionlike expansions (10) of the FFs. The
overall quality of the fit by Eqs. (6)–(10) is χ2/DOF = 1.71.
The parameters of the fit are listed in Tab. 1.
To further elucidate the validity of the quasi-scaling, it is nec-
essary to improve the quality of the experimental data base.
New experiments should aim at extracting the FF ratios (not
simply amplitude ratios), with the emphasis being given to the
ratio F3/F2, which is poorly extracted from the available data.
Besides, accurate calculations of the logarithmic corrections to
the perturbative scaling become important in the context of the
possible quasi-scaling. The fit carried out yields quite large
value of the difference n2 − n1 = 2.7. However, the logarithmic
corrections (n1) to the amplitude A3/2 have not been calculated
in pQCD yet.
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Figure 2: Magnetic FF divided by three times the dipole FF, GD = (1 +
Q2/0.71)−2 , and the ratios REM and RSM for the N∆(1232) transition. The
solid curves are the result of the fit with the dispersionlike expansions (10) of
the PGI FFs constrained by the quasi-scaling relations (13). The dashed and
dotted ones are the quasi-scaling fits to the data at Q2 > 0.4 GeV2 with the GI
FFs and non-GI FFs, respectively (see text).
6. Quasi-scaling in conventional models
Except for the PGI decomposition of the N∆(1232)-vertex,
there exists an infinite number of mathematically consistent al-
ternatives of lower symmetry—gauge but non–point-invariant
(GI) models, of which the most popular one is the model dis-
cussed in Ref. [32]. It can be shown straightforwardly that the
FFs introduced here are related to the FFs gA(Q2), A = M, E, C
of Ref. [32] by the following relations valid on the mass shell
of the RS field,
F1(Q2) = g¯M(Q2) + g¯E(Q2), (14)
F2(Q2) = g¯M(Q2) − g¯E(Q2) − 2g¯C(Q2), (15)
F3(Q2) = −2g¯C(Q2), (16)
where g¯A(Q2) =
√
3
2
µMN
2Q2+ gA(Q
2).
From pQCD predictions (11) and Eqs. (6)–(8), (14)–(16) it
is seen readily that at high Q2 the FFs g¯A(Q2) cannot be made
to scale as different helicity amplitudes. Hence, to comply with
pQCD constraints, the FFs g¯M(Q2) and g¯E(Q2) should mix the
contributions of different-scale asymptotic quark-gluon subpro-
cesses,
g¯M(Q2) = L1(Q
2)
Q6 +
L2(Q2)
Q8 ,
g¯E(Q2) = −L1(Q
2)
Q6 +
L3(Q2)
Q8 , g¯C(Q
2) = L4(Q
2)
Q8 ,
where Li(Q2) are slowly varying functions. This obscures the
quasi-scaling behavior of the FFs in the model for two reasons.
Firstly, from the above asymptotic relations it is clear that the
ratios of the FFs gA(Q2) do not exhibit the scaling behavior
analogous to (13), but only some linear combinations thereof
do—for instance, the combinations (14)–(16). Secondly, in the
frame of this model any linear combination of the FFs (e.g.,
gM − gE) can play the role of the non–helicity-flip FF at high
Q2 as well as any linear combination of the FF g¯C(Q2) and the
sum g¯M(Q2) + g¯E(Q2) can play the role of the FF for the pro-
cesses with two quark-helicity flips. Thus, in the general case,
the condition of gauge invariance does not give a definite inter-
pretation to the FFs in terms of the quark-gluon dynamics. In
this sense the requirement of the point invariance is a symmetry
condition that excludes such an ambiguity by proving us with a
set of FFs that manifestly correspond to different quark-gluon
subprocesses in the asymptotic domain.
The simplest way to impose the pQCD constraints on the FFs
g¯A(Q2) is to suppose that L1(Q2) ∼ ℓ−n2 , L2(Q2) = L3(Q2) ∼
ℓ−n3 , and L4(Q2) ∼ ℓ−n3 . The hypothesis of the scaling of the
ratios (gM + gE)/(gM − gE), gC/(gM − gE) agrees with the data
[6, 7, 8, 9, 10, 11, 12, 13, 14] at Q2 > 0.4 GeV2 with χ2/DOF =
1.57 (cf. χ2/DOF = 1.07 for the PGI FFs). It suggests that the
quasi-scaling behavior is a quite general property of the gauge
invariant FFs, although the ambiguity in the definitions of the
FFs can obscure the quasi-scaling. The fit results are depicted
in Fig. 2 (bottom panel).
It is interesting that the quasi-scaling of the another popular
(non–point- and non–gauge-invariant) choice of the FFs [27,
33] is in much poorer agreement with the data, χ2/DOF = 2.58
(The curves are shown in Fig. 2, the bottom panel.) Perhaps, it
emphasizes the importance of the intrinsic spin-3/2 symmetries
for constructing the N∆(1232)-interactions.
7. Conclusion
We have constructed an effective-field model of the electro-
magnetic N∆(1232)-transition. The interaction Lagrangian of
the model possesses the gauge and point invariance of the RS
field. This ensures mathematical coherence of the theory and
fixes the pre-FF Q2-polynomials in the observables at the peak
of the resonance.
Within the developed model, a class of observables—the
ratios of the helicity-flip FFs to the non-helicity-flip one—
exhibits asymptotic scaling behavior at momentum transfers
as low as 0.4 GeV2. Put in other words, this gives a new in-
terpretation of the available experimental data on quadrupole
transitions—though it is widely believed that the applicability
of the scaling is ruled out by the data at Q2 < 7 GeV2 [13],
the data available validate the hypothesis of the quasi-scaling
of the N∆-transition FFs. Although our analysis is phenomeno-
logical in its character, it poses questions to the underlying the-
ory of the strong interactions—while the scaling of the FFs is
well understood as a consequence of the asymptotic freedom,
the dynamics leading to the quasi-scaling in the nonperturba-
tive domain of QCD is still to be established both qualitatively
and quantitatively.
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Table 1: Fit parameters and PDG meson masses [8].
κ51(0) 0.0001 a1 0.0090
κ42(0) −0.8642 b1 −0.1413
κ52(0) 0.8683 a2 0.2268
κ53(0) −0.0341 b2 −0.1339∑5
k=1 κk1(0) 0.42026 a3 0.9416∑5
k=1 κk2(0) 0.75559 b3 −0.0377∑5
k=1 κk3(0) −0.31849 m1 0.77549
n1 0.2276 m2 1.465
n2 3 m3 1.72
n3 1 m4 1.88
Λ 0.2950 m5 2.149
Finally, our results make it important to point out that the
approach to pQCD of the N∆(1232) transition should be stud-
ied in terms of the vertex FFs F f (Q2) or similar quantities.
Such observables as helicity amplitudes, ratios thereof, and oth-
ers contain kinematic Q2-dependent factors that can “disguise”
the transition to asymptotic QCD predictions. As has been
shown in Section 5, this is what appears to happen with the
ratio REM(Q2, F1/F2, F3/F2) at Q2 < 7 GeV2 that is seemingly
well out of the domain of perturbative evolution, but, in fact,
agrees well with pQCD if the scaling behavior of the point and
gauge invariant FF ratios is assumed. On the other hand, to
take into account kinematic factors postulated in effective field
theory may be essential to achieve quantitative agreement with
the experimental data. This can be seen if we contrast our fits
with those of Ref. [41]. In Ref. [41] it is suggested that the
helicity amplitudes for N∆(1232) transition can exhibit pertur-
bative scaling at moderate momentum transfers. However, al-
though this hypothesis may explain qualitatively the observed
Q2-evolution of the ratio REM, it still disagrees with the data
quite significantly, which is pointed out in Ref. [6]. As we have
seen, this result can be amended if we assume the scaling of
the FF ratios (not helicity amplitudes) and correctly take into
account kinematic Q2-dependence of the amplitudes predicted
by effective field theory.
New experimental data from ongoing and proposed exper-
iments will test the proposals of this Letter and are eagerly
awaited. A more detailed discussion on the issues of the Let-
ter along with the construction of the Lagrangian (5) and more
thorough data analyses will be given in a separate paper.
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